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Abstract
We report the structural, elastic and vibrational properties of five ionic-
molecular solid oxidizers MNO3 (M = Li, Na, K) and MClO3 (M = Na,
K). By treating long range electron-correlation effects, dispersion corrected
method leads to more accurate predictions of structural properties and phase
stability of KNO3 polymorphs. The obtained elastic moduli show soft nature
of these materials and are consistent with Ultrasonic Pulse Echo measure-
ments. We made a complete assignment of vibrational modes which are in
good accord with available experimental results. From calculated IR and
Raman spectra, it is found that the vibrational frequencies show a red-shift
from Li → Na → K (Na → K) and N → Cl for nitrates (chlorates) due to
increase in mass of metal and non-metal atoms, respectively. The calculated
electronic structure using recently developed Tran-Blaha modified Becke-
Johnson potential show that the materials are wide band gap insulators with
predominant ionic bonding between M+ (metal) and NO−3 /ClO
−
3 ions and
covalent bonding (N-O and Cl-O) within nitrate and chlorate anionic group.
From the calculated optical spectra, we observe that electric-dipole transi-
tions are due to nitrate/chlorate group below 20 eV and cationic transitions
occur above 20 eV. The calculated reflectivity spectra are consistent with the
available experimental spectra.
Keywords: ab-initio calculations, elastic properties, insulators, optical
properties
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1. INTRODUCTION
Pyrotechnic formulations consist of physically intimate mixtures of vari-
ous combinations of fuels and oxidizers. Fuel is the main burning ingredient
in pyrotechnic formulations. The choice of fuels is very wide, ranging from
metallic to non-metallic elements and binary compounds to various types of
carbonaceous materials, while substances containing oxygen as well as flu-
orine or chlorine are used as oxidizing agents.[1] Oxidizers are oxygen-rich
ionic solids that decompose at moderate-to-high temperatures by liberating
oxygen and composed of nitrates, chlorates, perchlorates, peroxides, chro-
mates, and dinitramides.[2, 3, 4, 5, 6] The oxidizer is a major ingredient
of composite propellants and constitutes more than 70% (by weight) of the
propellant. However, the concentration of oxygen within an explosive or ox-
idizer is represented by a term known as oxygen balance (OB), which is an
important parameter for optimizing its application as an explosive or oxi-
dizer. Since most of the secondary explosives including TNT (-74%), HNS
(-67.6%), HMX (-21.62%), and RDX (-21.6%) etc., have oxygen deficiency
(or negative OB)[4], it is necessary to bind an oxidizer with secondary explo-
sive to complete the combustion process to form its decomposition products
by releasing huge (maximum) amount of energy.
Alkali metal based oxidizers are highlighted for non-toxicity (no heavy
metal pollution) which leads to eco-friendly decomposition products and also
find applications in composite propellants[4, 7, 8, 9] due to their high positive
OB. The alkali metal nitrates and chlorates are efficient oxidizers with pos-
itive OB values: LiNO3 (58.1%), NaNO3 (47.1%), KNO3 (39.6%), NaClO3
(45.1%) and KClO3 (39.2%)[4]. LiNO3 is a colorless salt which finds appli-
cations in the production of red-colored fire works, flares, submarines and
space craft for absorbing excess of CO2 in air. NaNO3 and KNO3 are white
crystalline solids and are extensively used in fertilizers, smoke bombs, solid
rocket propellants.[4] NaNO3 is used as a raw material whereas KNO3 is a
major ingredient (75%) in the production of gunpowder.[6] In addition, ni-
trates also serve as primers which are used to initiate other explosives or
blasting agents. Besides their application as oxidizers and primers, NaNO3
and KNO3 have recently attracted much interest towards detection and iden-
tification of explosive materials by using Tera-Hertz spectroscopy.[10, 11] The
chlorate based propellants are more efficient than traditional black powder
propellants. The presence of an oxidizer in an explosive increases the gaseous
products in the decomposition mechanism. The decomposition process of the
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investigated oxidizers is as follows:[12, 13]
4LiNO3 → 2Li2O + 4NO2 + O2
2NaNO3 → 2NaNO2 + O2
2KNO3 → 2KNO2 + O2
2NaClO3 → 2NaCl + 3O2
2KClO3 → 2KCl + 3O2
Thermal and kinetic decomposition studies on ammonium and potassium
based oxidizers explore thermal stability, kinetics, sensitivity and the amount
of oxygen provided by the oxidizers.[13] Thermal decomposition studies on
composite materials KClO3-HMX(RDX) have proved that energy release of
mixtures exceeds 40% (10%) to that of pure HMX (RDX).[14, 15] Decom-
position reactions of (Na/K)ClO3 were investigated by X-ray photo elec-
tron spectroscopy.[16] Several experimental studies have been reported on
structural[17, 18, 19, 20, 21, 22] mechanical[23, 24, 25], IR and Raman
spectroscopy[26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
42, 43, 44] and optical[45, 46, 47, 48] properties of the bulk crystals. A
considerable amount of theoretical work has been devoted to understand the
phase stability[49] mechanical[50] electronic structure of bulk and surfaces[49,
51, 52, 53, 54, 55, 56, 57] and optical[54] properties of these materials using
Hatree-Fock (HF) and standard Density Functional Theory (DFT) meth-
ods. Despite of several reports on these materials in the literature, they
have apparently not succeeded in predicting the structural, phase stability
and electronic properties due to a poor description of the weak dispersive in-
teractions and under-/over-estimation of band gap using standard DFT/HF
methods. To address these issues, in the present study, we investigate the
structural, elastic and vibrational properties using dispersion corrected DFT-
D2 method and recently developed semi-local potential of Tran-Blaha modi-
fied Becke Johnson (TB-mBJ) approach to calculate the electronic structure
and optical properties of the solid oxidizing materials. The rest of the article
is organized as follows: in the next section, we briefly describe the method-
ology and details of our calculations. Results and discussion concerning the
structural, elastic, vibrational, electronic and optical properties of the five
investigated compounds. Finally, in the last section, we summarize the con-
clusions of the present study.
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2. METHODOLOGY
Plane-wave pseudopotential (PW-PP) approach has been used to per-
form the first-principles calculations of the five inorganic solid oxidizers us-
ing CAmbridge Series of Total Energy Package (CASTEP)[58] based on
DFT. Electron-ion interactions are treated with ultra soft pseudo poten-
tials (USPP) [59] to calculate the structural and elastic properties, whereas
norm conserving[60] pseudo potentials (NCPP) to calculate the structural
and vibrational properties of the investigated compounds. The local den-
sity approximation (LDA)[61, 62] and generalized gradient approximation
(GGA)[63] were used to treat electron-electron interactions. The Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme[64] has been used
for structural relaxation. The convergence criteria for structural optimization
was set to ultra-fine quality with a kinetic energy cut-off of 750 eV and k-mesh
of 6×6×6 for LiNO3 and NaNO3, 5×3×4 for KNO3, 4×4×4 for NaClO3,
6×5×4 for KClO3 according to the Monkhorst-Pack grid scheme.[65] The
self-consistent energy convergence was set to 5.0×10−6 eV/atom. The con-
vergence criterion for the maximum force between atoms was 0.01 eV/A˚.
The maximum displacement and stress were set to be 5.0×10−4A˚ and 0.02
GPa, respectively.
Semi-empirical dispersion correction method (DFT-D2) has been used to
treat dispersive interactions which was developed by Grimme[66] and im-
plemented through PBE-GGA functional. Here is the total energy after
inclusion of dispersion correction is given by
EDFT+D = EDFT + Edisp (1)
where EDFT is the self-consistent Kohn-Sham energy, Edisp is empirical dis-
persion correction energy given by
Edisp = −S6
∑
i<j
Cij
R6ij
fdamp(Rij) (2)
where S6 is global scaling factor that only depends on the density functional
used. Cij denotes the dispersion coefficient for the pair of i
th and jth atoms
that depends on the chemical species, and Rij is an inter-atomic distance.
fdamp =
1
1+e−d(Rij/R0−1)
is a damping function which is necessary to avoid
divergence for small values of Rij and R0 is the sum of atomic van der Waals
(vdW) radii.
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The standard DFT functionals LDA [61] and GGA [63] are capable of
determining the ground state properties of solids, which are in reasonable
agreement with the experiments. However, the excited state properties like
band gap are severely underestimated by 30-40% when compared to experi-
ments for semiconductors and insulators or even absent for semiconductors
[67] due to derivative discontinuity of the exchange correlation functional
[68, 69]. The Kohn-Sham (KS) band gap is defined as the difference between
valence band maximum (VBM) and conduction band minimum (CBM) of the
energy eigen value spectrum. While the experimental band gap is measured
from the difference between ionization potential (I) and electron affinity (A)
i.e I-A. Several methods such as LDA+U, LDA+DMFT, hybrid fuctionals
and GW approximation have been proposed to get reliable energy band gaps
compared to experiments. Unfortunately these methods are computation-
ally very expensive. Therefore, in the present work, Engel Vosko (EV)-GGA
[70] and Tran Blaha modified Becke Johnson (TB-mBJ) potential [71] have
been used to calculate the band gap of the investigated materials. However,
the later one is computationally inexpensive and it provides relaiable en-
ergy band gaps as comparable with more sophisticated methods within the
KS frame work. This semi local TB-mBJ potential is obtained from sim-
ple modification of Becke-Johnson (BJ) potential [72] by the introduction of
local parameter c into BJ potential leading to TB-mBJ potential as
νmBJx,σ (r) = cν
BR
x,σ (r) + (3c− 2)
1
π
√
5
12
√
2tσ(r)
ρσ(r)
(3)
where ρσ = Σ
Nσ
i=1|ψi,σ|
2 is the electron density, tσ =
1
2
ΣNσi=1 ▽ ψ
∗
i,σ.▽ ψi,σ
is the kinetic energy density, νBRx,σ (r) is the Becke-Roussel potential, and c
= α + β( 1
Vcell
∫
cell
|▽ρ(r′)|
ρ(r′)
d3r′), where α, β are two free parameters and Vcell
is the unit cell volume. Recently, Koller et al [73, 74] reported the merits
and limitations of the TB-mBJ and also they made an attempt to improve
the performance of the original TB-mBJ potential by optimizing the local
parameter c in above equation 3. So far, several groups have been using
the TB-mBJ potential for the calculation of electronic structure and optical
properties of diverse materials [75, 76, 77] and conformed that TB-mBJ band
gaps are improved for a wide range of materials (see Fig. 1 from Ref. [78])
over the standard DFT functionals. The accurate prediction of band gaps us-
ing TB-mBJ potential for diverse materials motivated us to use this potential
for the oxidizing materials. This semi local potential is implemented through
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WIEN2k package [79]. In order to achieve energy eigenvalue convergence, the
wave functions in the interstitial region were expanded in plane waves with
a cut-off Kmax = 8/RMT , where RMT is the smallest muffin-tin sphere while
the charge density was Fourier expanded up to Gmax = 14. To calculate the
optical spectra one has to use a denser K-mesh in the Brillouin zone because
the matrix element changes more rapidly within the Brillouin zone than the
electronic energies themselves. Therefore, it requires a denser K-mesh to in-
tegrate this property accurately than for a normal self consistent calculation
and hence we have used 14x14x14 for (Li/Na)NO3 and NaClO3, 15x18x10
for KNO3 and 17x14x11 for KClO3 for optical properties calculation.
3. RESULTS AND DISCUSSION
3.1. Crystal structure and ground state properties
At ambient conditions, alkali metal nitrates such as LiNO3[17] and NaNO3[18]
crystallize in the trigonal structure having space group R3¯c with Z=6 and iso-
morphic with calcite structure. The alkali metal chlorates namely NaClO3[21]
and KClO3[22] crystallize in the primitive cubic (P213, Z=4) and monoclinic
(P21/m, Z=2) structures, respectively as shown in figure 11. In order to
predict elastic and vibrational properties, we first performed full structural
optimization to obtain equilibrium crystal structures of the above mentioned
compounds by taking experimental structures as an input. The obtained vol-
umes are underestimated by ∼ 9-15% within LDA, overestimated ∼ 6-11.5%
within PBE-GGA when compared to the experimental data.[17, 18, 21, 22]
This clearly shows that the obtained unit cell parameters using standard
LDA/GGA functionals show a large deviation from the experimental data
due to weak dispersive interactions present in these materials. The alkali
metal nitrates and chlorates are analogous to simple alkali halides but the
presence of planar nitrate and trigonal chlorate anions make the crystal struc-
ture more complex. Also these materials are similar to alkali metal azides
with a difference in the arrangement of atoms in an anionic group such that
nitrates, chlorates and azides possesses planar, trigonal and linear anions,
respectively. From our earlier work, we found that the dispersive interac-
tions play a major role in predicting the structural and vibrational proper-
ties of ionic alkali metal nitrates and azides at ambient as well as at high
pressure.[80, 81, 82, 83] Apart from this, DFT-D2 method is successful in
explaining the phase stability by accounting for the missing dispersive in-
teractions in ionic cesium halides.[84] Hence, in the present work, we have
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Figure 1: Crystal structures of (a, b) NaNO3, (c) NaClO3, (d) KClO3, and (e, f) unit cell
and 2 × 2 × 1 super cell of α-phase, (g) unit cell of super structure (Cmc21), (h) γ-phase
of KNO3 polymorphs.
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Table 1: Calculated lattice constants (a, b, c, in A˚), lattice angle (β, in o) and volume
(V, in A˚3) of LiNO3, NaNO3, NaClO3, and KClO3 using LDA, GGA and dispersion
corrected (DFT-D2) methods within the NCPP approach along with experimental data.
The relative errors (in %) with respect to (w. r .t) experiments are given in parenthesis,
here ’-’ and ’+’ signs indicate underestimation and overestimation of the calculated values
w. r .t experiments.
Compound Parameter CA-PZ PBE DFT-D2 Expt.
LiNO3 a 4.655 (-0.79) 4.771 (+1.68) 4.731 (+0.83) 4.692
a
c 14.500 (-4.70) 15.479 (+1.74) 15.173 (-0.28) 15.215a
V 272.17 (-6.17) 305.23 (+5.22) 294.12 (+1.39) 290.08a
NaNO3 a 5.041 (-0.57) 5.183 (+2.23) 5.167 (+1.91) 5.070
b
c 15.609 (-7.21) 17.206 (+2.28) 16.665 (-0.93) 16.822b
V 343.51 (-8.21) 400.26 (+6.88) 385.34 (+2.90) 374.49b
NaClO3 a 6.389 (-2.84) 6.721 (+2.20) 6.623 (+0.72) 6.576
c
V 260.79 (-8.29) 303.56 (+6.76) 290.45 (+2.14) 284.35c
KClO3 a 4.461 (-4.21) 4.733 (+1.63) 4.734 (+1.66) 4.6569
d
b 5.418 (-3.09) 5.722 (+2.34) 5.555 (-0.64) 5.5909d
c 6.786 (-4.41) 7.249 (+2.11) 7.045 (-0.76) 7.0991d
β 111.66 (+1.83) 107.11 (-2.32) 110.87 (+1.11) 109.65d
V 154.41 (-11.3) 187.63 (+7.79) 173.10 (-0.56) 174.07d
aRef.[17], bRef.[18], cRef.[21], dRef.[22],
also used the DFT-D2 method to calculate the structural properties of the
investigated compounds and the obtained equilibrium volumes differ by ∼
0.56-2.9% when compared to experimental data.[17, 18, 21, 22] As seen in
Table 1, the relative errors with DFT-D2 method are small, which clearly
show the success of the method in reproducing the structural properties of
these oxidizing materials over standard DFT functionals.
In addition, we also attempted to study the phase stability of KNO3 poly-
morphs at ambient pressure. It is well known from the literature, KNO3 crys-
tallizes in the primitive orthorhombic structure which belongs to Pmcn space
group with Z=4 (also called α-phase or phase II) at room temperature.[19]
A super-structure of α-KNO3 has been reported by Adiwidjaja et al[20] with
crystal symmetry Cmc21 which consists of a 2 × 2 × 1 super cell of the Pmcn
unit cell with Z = 16. When heated the α-phase transforms to β phase (I)
with disordered nitrate anions at around 128 oC,[85] and it passes through
the ferroelectric γ-phase (III) between 124 and 110 oC upon cooling.[86] The
crystal structures of KNO3 polymorphs are shown in figure 1. The previ-
ous calculations show that the volume of α-phase is severely underestimated
around 34.7 %[49] and 15.3 %[87] within LDA and the volume of Cmc21 super
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structure is overestimated by 4.5 % within PBE-GGA even at higher plane
wave cut-off energies.[56] Thus the standard LDA/GGA functionals are un-
successful in predicting the phase stability of KNO3 polymorphs.[49] Hence,
we turn our attention to reproduce the experimental geometries thereby pre-
dicting the phase stability of the polymorphs using DFT-D2 method. In
contrast to the above reports the obtained equilibrium volume using DFT-
D2 method is in excellent agreement (∼ 0.003-0.21 %) with experimental
results[19, 20] and the calculated structural properties of KNO3 polymorphs
at various cut-off energies are presented in Table 2. From Table 2, we con-
clude that the dispersive interactions play a major role rather than num-
ber plane waves required for reproducing the experimental results for KNO3
polymorphs. Also our total energy calculations show that Pmcn and Cmc21
structures are differ by ∼ 1 meV/f.u. and this is consistent with the previous
theoretical calculations and it is due to very similar local bonding environ-
ment (see figures 1f & g ) between the two structures.[56] Since the two
structures differ by a very small energy (∼ 1 meV/f.u.), we have used Pmcn
unit cell for further calculations to reduce the computational effort. It is
also found from our present calculations that the total energy of α-phase is
lowered by ∼ 7 meV/f.u. when compared γ-phase which shows the stability
of α-phase over γ-phase, which is in good agreement with experiments in
contrast to previous calculations.[49]
3.2. Elastic constants and Mechanical properties
It is of great interest to determine the relation between elastic and other
physical and energetic properties of crystals.[50] Among the physical con-
stants, elastic constants are fundamental parameters for crystalline solids
which describe stiffness of the solid against externally applied strains and also
provide information about the mechanical and dynamical behavior of crys-
tals as well as the nature of forces operating in solids. The elastic constants
are calculated using volume-conserving strain technique[88] at the DFT-D2
equilibrium volume for all the examined compounds. A completely asymmet-
ric crystal can be described by 21 independent elastic constants. Due to the
rhombohedral (LiNO3 and NaNO3), orthorhombic (KNO3), cubic (NaClO3)
and monoclinic (KClO3) symmetry of crystals, they possess 6, 9, 3 and 13
independent elastic constants, respectively. The obtained elastic constants
are in good agreement with Ultrasonic Pulse-Echo measurements[23, 24, 25]
and are presented in Table 3. The computed elastic moduli are comparable
with the ones obtained from inter-atomic potentials by including non-bonded
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Table 2: Calculated lattice constants (a, b, c, in A˚), lattice angle (α, in o) and volume (V, in A˚3) of KNO3 polymorphs with
PBE-GGA and dispersion corrected (D2) functionals within the NCPP approach at various plane wave cut-off energies (Ec,
in eV) along with experimental data. The relative errors (in %) with respect to (w.r.t) experiments are given in parenthesis,
here ’-’ and ’+’ signs indicate underestimation and overestimation of the calculated values w.r.t experiments.
Ec 750 950 1250 1450
Phase Parameter PBE DFT-D2 PBE DFT-D2 PBE DFT-D2 PBE DFT-D2 Expt.
Pmcn a 5.488 5.453 5.483 5.451 5.483 5.452 5.485 5.455 5.4142a
(α-phase) (+1.36) (+0.72) (+1.27) (+0.68) (+1.27) (+0.70) (+1.31) (+0.75)
b 9.256 9.246 9.272 9.256 9.263 9.252 9.268 9.252 9.1654a
(+0.99) (+0.88) (+1.16) (+0.99) (+1.06) (+0.94) (+1.12) (+0.94)
c 6.661 6.331 6.647 6.319 6.651 6.322 6.648 6.317 6.4309a
(+3.58) (-1.55) (+3.36) (-1.74) (+3.42) (-1.69) (+3.38) (-1.77)
V 338.35 319.13 337.94 318.87 337.83 318.93 337.95 318.82 319.12a
(+6.03) (+0.003) (+5.90) (-0.08) (+5.86) (-0.06) (+5.90) (-0.09)
Cmc21 a 10.982 10.913 10.980 10.909 10.963 10.908 10.965 10.906 10.825
b
(Super structure) (+1.45) (+0.81) (+1.43) (+0.78) (+1.27) (+0.77) (+1.29) (+0.75)
b 18.500 18.502 18.502 18.516 18.524 18.502 18.522 18.506 18.351b
(+0.81) (+0.82) (+0.82) (+0.90) (+0.94) (+0.82) (+0.93) (+0.89)
c 6.658 6.321 6.658 6.316 6.657 6.321 6.658 6.322 6.435b
(+3.46) (-1.77) (+3.46) (-1.85) (+3.45) (-1.77) (+3.46) (-1.76)
V 1352.79 1276.22 1352.55 1275.76 1351.83 1275.59 1352.32 1275.95 1278.31b
(+5.83) (-0.16) (+5.81) (-0.20) (+5.75) (-0.21) (+5.79) (-0.18)
R3m a 4.492 4.317 4.488 4.310 4.487 4.314 4.489 4.310 4.3699c
(γ-phase) (+2.79) (-1.21) (+2.70) (-1.37) (+2.68) (-1.28) (+2.72) (-1.37)
α 75.71 79.32 75.73 79.58 75.76 79.40 75.71 79.54 76.56c
(-1.11) (+3.60) (-1.08) (+3.94) (-1.04) (+3.71) (-1.11) (+3.89)
aRef.[19], bRef.[20], cRef.[86]
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Table 3: Calculated single crystal elastic constants (Cij , in GPa) and polycrystalline bulk
moduli (B, in GPa), density (ρ, in g/cc), wave velocities (vl, vt and vm, in km/s) and
Debye temperature (θD, in K) of LiNO3, NaNO3, KNO3, NaClO3, KClO3 at the DFT-D2
equilibrium volume. The experimental values are given in parenthesis for Cij , ρ and other
calculations for θD
Parameter LiNO3
a NaNO3
a KNO3
a,b NaClO3
c KClO3
C11 112.50 (97.06) 62.30 (56.81) 45.50 (37.16, 35.8) 57.75 (49.2) 30.82
C22 - - 37.36 (29.89, 30.0) - 46.69
C33 69.35 (66.59) 27.68 (32.84) 23.33 (20.37, 20.4) - 41.24
C44 24.31 (16.75) 14.35 (11.97) 9.71 (6.80, 6.7) 10.21 (11.6) 9.97
C55 - - 8.25 (5.43, 5.4) - 8.66
C66 41.00 (33.78) 21.42 (17.90) 8.43 (8.35, 8.3) - 17.38
C12 30.49 (30.09) 19.45 (21.01) 23.00 (16.80, 13.4) 18.23 (14.2) 20.67
C13 23.18 (14.96) 17.48 (17.96) 11.33 (10.96, 11.6) - 11.36
C23 - - 13.27 (11.14, 9.2) - 9.57
C14 7.96 (-2.75) 9.43 (-7.89) 13.29 8.02 10.7
B 48.28 26.80 20.88 31.40 20.84
ρ 2.313 (2.368)d 2.200 (2.261)e 2.119 (2.104)f 2.463 (2.486)g 2.397 (2.338) h
vl 6.21 4.55 3.94 4.47 3.85
vt 3.64 2.52 2.06 2.33 2.15
vm 4.04 2.81 2.30 2.60 2.39
θD(K) 559(492)
i 358(368)i 273(256)i 319 277
aRef.[23], bRef.[24], cRef.[25], dRef.[17], eRef.[18], fRef.[19], gRef.[21],
hRef.[22], iRef.[50]
interactions in the calculations[89] which shows the importance of dispersive
interactions in these class of materials. The elastic constants for alkali metal
nitrates (LiNO3, NaNO3 and KNO3) are closely comparable (in magnitude)
with corresponding alkali metal azides (LiN3, NaN3 and KN3)[81, 83] and for
alkali metal chlorates (NaClO3 and KClO3) with corresponding alkali halides
(NaCl and KCl)[90]. Direct comparison is not possible due to distinct crystal
symmetry of the studied systems with the corresponding alkali metal azides
and halides.
The well-known Born stability criteria are a set of conditions on the elas-
tic constants (Cij) to verify the mechanical stability of a crystal which are
related to the second-order change in the internal energy of a crystal under
deformation. All the investigated crystal systems obey Born’s mechanical
stability criteria[91] indicating that these materials are mechanically stable
at ambient conditions. The elastic constants are primarily classified into
longitudinal (C11, C22, C33), transverse (C12, C13, C23) and shear (C44, C55,
C66) elastic constants. The longitudinal elastic constants are found to fol-
low the order C33 < C11 (C33 < C22 < C11 for KNO3), which implies that
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the crystals exhibit anisotropic compressibility along various crystallographic
directions i.e. weak intermolecular interactions along c-axis over a-axis is ob-
served for nitrates and this is in very good agreement with the experimental
observation[23]. The alkali metal nitrates such as LiNO3, NaNO3 and KNO3
consist of alternate layers of metal atom and NO3 group stacked along c-axis
and strong covalent bonding within NO3 group which is oriented parallel
to (001). While NaClO3 possesses isotropic elastic constants due to its cu-
bic crystal symmetry whereas KClO3 shows strong anisotropy C11 < C33 <
C22 along three crystallographic directions which shows the anisotropic com-
pressibility of the investigated systems. The derived bulk moduli from elastic
moduli are comparable with the corresponding alkali metal halides[92] 36.9,
28.6, and 20.8 GPa for LiCl, NaCl and KCl, respectively. The bulk moduli of
nitrate/chlorate ion with light alkali metal atom show large deviation but it
is closely comparable with the corresponding alkali halide on moving from Li
to K. The calculated elastic and bulk moduli for the investigated compounds
decrease in the following order; LiNO3 > NaNO3 > KNO3 for nitrates and
NaClO3 > KClO3 for chlorates, which is due to the increase in ionic size of
the metal atom. In addition, we also estimated the Debye temperature (ΘD)
which is a fundamental quantity that correlates many physical properties
such as specific heat and melting point of solids from the calculated elastic
constants data. It also determines thermal characteristics of the material, a
high value of ΘD implies higher thermal conductivity. At low temperature,
ΘD can be estimated from the longitudinal, transverse and average wave ve-
locities as given in Table 3. The obtained ΘD values decrease from Li →
Na → K (Na → K) for nitrates (chlorates) and are consistent with previous
calculations on alkali metal nitrates,[50] and a high value of LiNO3 shows its
higher thermal conductivity than other studied compounds.
3.2.1. Zone center phonon frequencies, IR and Raman spectra
In our previous study,[93] we have used LDA (CA-PZ), GGA (PBE) and
DFT-D2 functionals to calculate the vibrational frequencies of KClO3. The
obtained lattice mode frequencies using CA-PZ and PBE functionals show
large deviation from the experimental results as the functionals are inade-
quate to treat intermolecular interactions in KClO3. Hence, in the present
study, we made a detailed analysis of vibrational spectra using vibrational
frequencies obtained from DFT-D2 method for all these compounds using
the linear response approach within density functional perturbation theory.
MNO3 (M = Li, Na, K) and MClO3 (M = Na, K) compounds consist of
12
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two anions namely nitrate (NO3) and chlorate (ClO3). NO3 anion consists of
four internal vibrations (are in cm−1) in its free state such as Raman active
1050 (A1), IR active 820 (A2), and both Raman and IR active 1385 (E), 725
(E) degenerate modes. Also ClO3 ion possesses four internal vibrations (are
in cm−1) such as 930 (A1), 615 (A2), 975 (E), and 478 (E) similar to ni-
trate ion in its unbound state and these internal modes are both Raman and
IR active.[27] The internal degrees of freedom increase when transformation
from free molecular (NO3/ClO3 in the present case) ion to a crystal due to
increase in number of molecules per unit cell. The unit cells of LiNO3 and
NaNO3, KNO3, NaClO3, and KClO3 contain 10, 20, 20 and 10 (N) atoms
respectively giving rise to a total of 30, 60, 60, 30 (3 acoustic and 3N-3 opti-
cal) vibrational modes. Further optical modes are classified into internal (>
400 cm−1) and external (lattice) (< 400 cm−1) modes, where these internal
modes arise from anions and lattice modes are from the whole crystal lattice.
According to group theory analysis of the respective space groups, the group
symmetry decomposition into irreducible representations of the modes for all
the investigated compounds are given in Table 4. For LiNO3 and NaNO3,
A1g and Eg are Raman active, A2u and Eu are IR active and the A2g and A1u
are forbidden in both. The transformation of free molecular NO3 anion to
(Li/Na)NO3 crystal, which consists of two molecules within unit cell leads
to an increase from 4 → 8 distinct internal modes in its crystalline form, in
which Eg and Eu are doubly degenerate modes and the detailed factor group
analysis given in Ref.[28] by Khanna. While there are ten different lattice
modes with three doubly degenerate modes (A2u, A2g, Eg) and the calcu-
lated lattice modes are compared with the available experimental data[36]
which are given in Table 1 of the supplementary material. For KNO3, Ag,
B1g, B2g are Raman active, B1u, B2u, B3u are IR active and Au is forbidden
in both. The presence of NO3 anion with K
+ ion in KNO3 crystal removes
the degeneracy of NO3 ion internal vibrations from 4 → 24 non-degenerate
modes due to four molecules in the KNO3 crystal as presented in Table 5.
We also made lattice vibrational mode assignment (33 in number) and com-
pared them with the available experimental data[39] as presented in Table
2 of the supplementary material. In case of alkali metal chlorates, A, E
are Raman active and T is active in both for NaClO3, whereas Ag, Bg are
Raman active and Au, Bu are IR active for KClO3. Existence of ClO3 ion
along with Na(K) ion in NaClO3 (KClO3) crystal increases the internal vi-
brations from 4 → 10 (12) non equivalent internal vibrations. Among 10
internal modes of NaClO3, T and E are triply and doubly degenerate modes
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Table 4: The group symmetry decomposition into irreducible representations of the vibra-
tional modes for LiNO3, NaNO3, KNO3, NaClO3, KClO3
Compound Irr. Rep.
(Li/Na)NO3 Γacc = A2u ⊕ 2Eu
(R3¯c, Z=6) Γoptic = 8Eg ⊕ 10Eu ⊕ 3A2u ⊕ 3A2g ⊕ 2A1u ⊕ A1g
KNO3 Γacc = B1u ⊕ B2u ⊕ B3u
(Pnma, Z=4) Γoptic = 8B1u ⊕ 5B2u ⊕ 8B3u ⊕ 6B1g ⊕ 9B2g ⊕ 6B3g ⊕ 9Ag ⊕ 6Au
NaClO3 Γacc = 3T
(P213, Z=4) Γoptic = 42T ⊕ 10E ⊕ 5A
KClO3 Γacc = Au ⊕ 2Bu
(P21/m, Z=2) Γoptic = 9Ag ⊕ 5Au ⊕ 6Bg ⊕ 7Bu
respectively whereas all the 12 modes are non-degenerate in case of KClO3.
The remaining 33 optical lattice modes of NaClO3 and their vibrational as-
signments are given in Table 3 of the supplementary material along with
the available experimental data.[41] A detailed lattice vibrational analysis
for KClO3 is given in our previous study.[93] We have also calculated IR
and Raman spectra for the investigated compounds, the internal and lattice
modes are given in figures 2 and 3, respectively. Also it can be noticed that
the internal mode frequencies do not differ greatly when comparing within
the nitrates (LiNO3, NaNO3, KNO3) and chlorates (NaClO3, KClO3) which
shows the free nature of the nitrate/chlorate ion in the highly ionic salts and
the internal modes are purely dominated by nitrate/chlorate group. While
replacement of nitrogen by chlorine atom i.e. moving from nitrates (NaNO3,
KNO3) → chlorates (NaClO3, KClO3), we observe a huge reduction in the
symmetric and asymmetric stretching internal vibrations due to presence of
heavy non-metal chlorine atom. The presence of metal atom affect only the
lattice mode frequencies, which decreases with increase in mass (Li > Na >
K) of the metal atom in both nitrates and chlorates and this can be clearly
seen from figure 3.
Overall, we noticed that the presence of nitrate ion in MNO3 (M = Li,
Na, K) and chlorate ion in MClO3 (M = Na, K) crystals increases the number
of internal degrees (8, 24 and 10, 12) of freedom when compared to their free
state depending upon the number of molecules per unit cell in the respective
crystal structures. Irrespective of distinct internal vibrations which arise
form various compounds, the internal modes are classified into three branches
such as asymmetric, symmetric stretching and bending vibrations for all
15
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Table 5: Calculated asymmetric (νAsym), symmetric (νSym) stretching and bending (νBend) vibrational frequencies (in cm
−1)
of LiNO3, NaNO3, KNO3 and NaClO3, KClO3 compounds at the DFT-D2 equilibrium volume
LiNO3 NaNO3 KNO3 NaClO3 KClO3
IrrRep Freq IrrRep Freq IrrRep Freq IrrRep Freq IrrRep Freq Assignment
Eg 1325.8 Eg 1334.6 B2g 1391.8 T 959.8 Bg 952.8 νAsym
(1375a,1386b) (1385b,c,1386b) (982g,h,983i)
Eu 1298.6 Eu 1305.0 B1g 1335.9 T 937.6 Bu 936.7
(1380a) (1405a,1365b) (1348d) (1000g)
B2u 1327.3 E 926.9 Ag 946.0
(958e,957f) (978h,979g,i)
B1u 1324.9 Au 926.7
Ag 1302.9 (992
g)
(1360d)
B3u 1298.3
B3g 1294.2
Au 1282.9
A1g 1034.8 A1g 1032.9 Ag 1015.2 A 914.3 Ag 916.1 νSym
(1067a,1073b) (1068a,c,1069b) (1050b,1054d) (931.5e, 937f) (939h,940g,i)
A1u 1033.4 A1u 1032.0 B3u 1014.9 T 912.8 Bu 912.6
B2g 1013.8 (939
f)
B1u 1013.6
A2g 800.0 A2g 800.5 B1u 812.3 T 600.4 Ag 595.3 νBend
(619h,620g,i)
A2u 798.5 A2u 799.2 B2g 811.9 A 597.1 Bu 593.7
(837a,b) (831a) (620e,618f) (620g)
Eu 710.5 Eu 702.7 Ag 793.9 T 462.6 Bu 467.3
(730a,732b) (692a,723b) (827d) (493g)
Eg 708.0 Eg 701.4 B3u 793.4 T 459.2 Ag 463.6
(726a,737b) (724a,c,728b) (488g,490i)
B3u 691.6 E 456.5 Bg 463.8
(481.5e,482f) (487g)
B2u 690.9 Au 463.7
B1g 690.7 (484
g)
Au 690.6
B2g 690.6
B3g 690.2
B1u 690.1
Ag 689.2
(718d)
aRef.[36], bRef.[37], cRef.[38], dRef.[39], eRef.[40], fRef.[41] gRef.[42], hRef.[43], iRef.[44]
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the studied compounds. The calculated internal (Table 5 and figure 4) and
lattice (Tables 1, 2 and 3 of the supplementary material) vibrations and their
assignment for all these compounds are in good agreement with the available
experimental data.[36, 37, 38, 39, 40, 41, 42, 43, 44]
3.2.2. Electronic structure and chemical bonding
Electronic structure calculations not only predict physical and chemical
properties of materials but also provide a good insight to the experimentalists
to synthesize novel materials for various applications. Extensive theoretical
studies are devoted to understand the electronic structure of bulk and sur-
faces of oxianionic alkali metal nitrates, chlorates and perchlorates.[51, 52,
53, 54, 55, 56, 57] However, the reported band gaps for these materials are
severely under- and over-estimated using standard LDA/GGA functionals
and Hatree-Fock methods, respectively. Therefore, we have used TB-mBJ
potential to get reliable energy bands for the investigated materials.
The electronic band structure of MNO3 (M = Li, Na, and K) and MClO3
(M = Na, K) compounds at the experimental lattice constants is calculated
using three functionals such as PBE, EV-GGA, and TB-mBJ. The calculated
TB-mBJ band structures show that the investigated oxyanionic crystals are
wide band gap insulators. The band gaps are reported in Table 6 using
three functionals, from this Table we find that TB-mBJ potential improves
the band gaps when compared to PBE and EV-GGA functionals and are
comparable with the available experimental data[46, 94] with an exception
for NaNO3 in which we found relatively large discrepancy between predicted
band gap and experimental values. However, PBE-GGA band gaps are con-
sistent with previously reported[51, 49, 52, 56, 57, 54] values for these mate-
rials. It is also found that (Li/Na)NO3 show indirect gap along F-Γ direction
whereas KNO3, NaClO3 and KClO3 are direct band gap insulators along Γ,
X, and A directions, respectively. Also, the nature of chemical bonding in
these materials is explained from calculated partial density of states (PDOS)
as shown in figure 5. The top of the valence band (near Fermi level) is com-
pletely dominated by O-2p and less contribution from N-p(Cl-p and d) states
in alkali metal nitrates (chlorates). It can be clearly seen from figure 5 that
there is a strong overlap between p-states of N/Cl and O atoms around -7
eV, s-states of N/Cl and O atoms around -11.5 eV, p-states of N/Cl and
s-states of O-atoms around -21 eV and s-states of N/Cl and O atoms about
-25.5 eV indicating that there exits a strong covalent bond between N-O and
Cl-O within the nitrate and chlorate group, respectively. We also noticed
18
Figure 4: Vibrational animations of internal IR and Raman active modes for the solid
oxidizers.
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Table 6: Calculated electronic band gaps (in eV) of LiNO3, NaNO3, KNO3, NaClO3,
KClO3 using three (PBE-GGA, EV-GGA and TB-mBJ) functionals
Functional LiNO3 NaNO3 KNO3 NaClO3 KClO3
PBE-GGA 2.98 2.99 3.09 5.89 5.67
EV-GGA 3.16 3.17 3.26 6.11 5.89
TB-mBJ 4.94 5.16 5.38 7.84 7.58
Others 2.4a 1.4a 1.68b, 2.6c, 3.0d, 3.07e,f 3.0c 5.66f
3.24e, 5.40e, 14.98e
Expt. - ∼6-7g, 8.2h ∼6-7g - 8h
aRef.[51], bRef.[49], cRef.[52], dRef.[56], eRef.[57], fRef.[54], gRef.[94],
hRef.[46]
that s-states are derived from K atom only in KClO3 about -28 eV. In the
valence band region, p-states of Na and K atoms are located around -20/-
10 eV for Na/K based compounds which implies that the metal states are
separated from the nitrate/chlorate group which indicates an ionic bond-
ing between metal cation and nitrate/chlorate anion. Conduction band is
mainly dominated by d-states of Cl and K, and s,p-states of N/Cl and O
atoms. The bands are very narrow (flat) as commonly expected for ionic
crystals. Overall, we observe mixed bonding nature i.e. predominant ionic
bonding between metal (Li, Na, K) cation and NO3/ClO3 anion and covalent
bonding between N/Cl and O atoms within the NO3/ClO3 anionic group in
the bulk oxyanionic crystals which is consistent with the previous theoretical
calculations on these materials.[51, 49, 52, 56, 57, 54]
3.2.3. Optical properties
In order to understand photo sensitive decomposition mechanisms in the
energetic formulations, we try to shed more light on optical properties of
these materials. Very limited studies are available in the literature to ex-
plore the optical properties of these oxidizers. Vorobeva et al[46] measured
the reflection spectra and quantum yield photo emission of alkali metal ni-
trates and chlorates and they reported that anionic and cationic excitations
occur in the low (< 20 eV) and high (> 20 eV) energy region, respectively.
Photo emission and reflection spectra of MNO3 (M = Na, K, Rb, and Cs)[47]
and NaClO3[48] were measured in the fundamental absorption region. Op-
tical spectra of metal (Li, Na, K) nitrites, nitrates, chlorates, perchlorates,
sulfites, and sulfates were calculated using CRYSTAL package within LDA.
As discussed in the above section the band gaps are severely underestimated
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and KClO3 using TB-mBJ potential at the experimental crystal structures.
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using standard DFT functionals which plays a key role in calculating the op-
tical properties (Dielectric function, refraction, reflectivity, and loss function
etc.) Therefore, in the present study, we attempt to study the electronic
transitions, refractive index and reflectivity through the calculated optical
spectra for the five solid oxidizers using recently developed TB-mBJ poten-
tial. In general optical properties can be described by means of complex
dielectric function ǫ(ω) = ǫ1(ω) + iǫ2(ω), where ǫ1(ω), and ǫ2(ω) represent
the dispersive and absorptive part of the complex dielectric function ǫ(ω).
The imaginary part of dielectric function ǫ2(ω) is obtained from the momen-
tum matrix elements between the occupied and unoccupied wave functions
within selection rules and the real part of ǫ(ω) can be extracted from the
Kramers-Kronig relationships using ǫ2(ω).
As shown in figure 6 the peaks (A, B, C, D, E, and F) in the ǫ2(ω) spec-
tra along distinct crystallographic directions based on the crystal symmetry
show that inter band transitions between occupied valence band and unoc-
cupied conduction band. The optical transitions corresponding to each peak
are given in Table 4 of the supplementary material for all the studied com-
pounds. It is found that the optical transitions below 20 eV are due to anionic
states or N/O/Cl → metal (Li, Na and K) atom whereas in the high (above
20 eV) energy region the transitions are due to cationic (K:p→d) states, this
can be clearly seen from figure 6 for KNO3 and KClO3, and this is in very
good agreement with quantum yield photo-emission measurements.[46] As
illustrated in figure 7, the calculated reflectivity spectra reveal that the max-
imum reflection occurs at about 10 eV for (Li/Na)NO3 and NaClO3 while
it is around 25 eV for potassium based oxidizers, and also the calculated
spectra is consistent with the available experimental spectra at 9 K and 298
K.[46, 48] The calculated static refractive index are displayed in Table 5 of
the supplementary material. A high value of refractive index represents the
covalent bonding in a material, among the investigated compounds LiNO3
possesses the highest refractive index value implying that it is more cova-
lent than other studied compounds and refractive index values decrease from
Li → Na → K (Na → K) in nitrates (chlorates) which shows that covalent
(ionic) nature decreases (increases) in the same order for these materials.
The calculated distinct static refractive index as a function of photon energy
as shown in figure 8 for the investigated compounds indicates that these ma-
terials are optically anisotropic crystals except NaClO3 which is an isotropic
crystal due to its cubic crystal symmetry and it is also found that above ∼
20 eV these materials becomes optically isotropic up to maximum studied
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photon energy range.
4. CONCLUSIONS
In summary, ab-initio calculations have been performed to investigate the
structural, elastic, vibrational, electronic, and optical properties of solid ox-
idizers MNO3 (M = Li, Na, K) and MClO3 (M = Na, K) based on DFT.
The calculated structural parameters are in good agreement with the exper-
imental data in contrast to LDA and/or GGA results which show a large
deviation from the experiments due to their inability in treating the weak
dispersive interactions in ionic-molecular solids. Moreover, this method is
successful in predicting phase stability of KNO3 polymorphs. The calculated
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elastic constants at DFT-D2 equilibrium volume show that these materials
are mechanically stable at ambient pressure. The obtained elastic and bulk
moduli for the investigated compounds decrease in the following order: Li >
Na > K (Na > K) for nitrates (chlorates) due to increase in ionic size of the
metal atom resulting low values of the elastic moduli indicating soft nature
of the potassium-based compounds. We have calculated zone centre phonon
frequencies and made a detailed vibrational assignment for the internal and
lattice modes. We also noticed that the presence of metal (Li, Na , K) cation
with nitrate/chlorate anion leads to an increase in the internal degrees of
freedom in a crystal. From the calculated IR and Raman spectra, it is found
that the vibrational frequencies show red shift from Li→ Na→ K (Na→ K)
and N→ Cl for nitrates (chlorates) due to increase in mass of the metal and
non-metal atoms, respectively. We have also calculated the electronic struc-
ture and optical properties of these materials using TB-mBJ potential and
the calculated band gaps are found to improve over LDA/GGA functionals.
The calculated electronic structure shows that these compounds are wide
band gap insulators. Predominant ionic bonding between metal cation and
nitrate or chlorate anion and covalent bonding (N-O/Cl-O) is present within
nitrate/chlorate anion from the calculated PDOS which is consistent with the
previous reports on these materials. We have also analysed electric-dipole
transitions between valence band and conduction band, which are due to ni-
trate/chlorate group below 20 eV and cationic transitions occur above 20 eV
from the calculated optical spectra and the calculated reflectivity spectra is
consistent with the experimental data. We have also observed that these are
optically anisotropic materials (except NaClO3) and their anisotropic nature
decreases in the high energy region.
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